The main objective of the present study was to provide a comprehensive LCI 
ABSTRAK

Objektif utama kajian ini adalah untuk memberi LCI yang komprehensif pada skala sederhana pengkomposan sisa makanan dan sisa lapangan pada peringkat institusi, berdasarkan pada analisis aliran bahan (SFA). Objektif kedua adalah untuk membentangkan komposisi dan menilai kualiti produk akhir daripada pengkomposan sisa organik tipikal Asia (sisa makanan dan sisa lapangan). Eksperimen direka untuk mewakili situasi kumpulan di institusi dengan senario pengkomposan saiz sederhana dengan input bahan sisa makanan yang bercampur dengan keratan rumput dan daun kering. Dua pusingan pengkomposan telah dijalankan dengan tujuan untuk menunjukkan keheterogenan sisa organik dan mengkaji kesan saiz timbunan ke atas prestasi proses. Bahan input dan output yang telah disampel dan dicirikan untuk menentukan baki bahan proses. SFA telah dijalankan melalui imbangan jisim model STAN 2.5 untuk mengira parameter yang tidak diketahui (pelepasan gas). SFAs telah dijalankan bagi C, N, K, P, Cd
INTRODUCTION
Composting has been considered as a potential major diversion route for municipal solid waste (MSW) particularly organic waste (food waste and yard waste) (Andersen et al. 2012) . The potential of composting is to provide a flexible, low cost approach to waste management and facilitate sustainable recycling scheme for a region. However, it requires active participation of a significant number of waste generators in source-separating the desired organic waste for composting effort in order to impact waste diversion rates. This could be obtained by promoting medium scale centralized composting covering a reasonable number of waste generators, for instance on institutional level (higher education institutions).
The most obvious environmental advantage of doing medium scale institutionalized composting compared to home composting is the economics of scale and better control of the composting feedstock and process. As compared with larger scale composting, huge collection and transportation can be avoided as medium scale composting normally serves small community where the desired separated organic waste can be easily delivered. Another advantage relevant for medium scaled centralized composting is the production of compost, which could potentially be used in the yard as soil conditioner and hence replace the use of peat and mineral fertilizer (Rea et al. 2009; Russo et al. 2011 ). This could however, create negative impacts to the environment, if the produced contain high heavy metal content (Andersen et al. 2011) .
In contrast, the main disadvantage of composting is the emission of greenhouse gases (GHGs) and leachate contamination from the composting process contributing to global warming and pollution (Andersen et al. 2011) despite the fact that replacement of peat and mineral fertilizer could bring upon credit to environmental impact (savings). A study in the United States showed that 90% of the overall carbon dioxide emissions in composting facilities were due to the biological decomposition of the organic substrate, while the rest was due to fossil fuel combustion (Komilis & Ham 2004) . However, as compared to the overall municipal solid waste management system in China, kitchen waste composting makes a considerable contribution to total GHG emissions reduction (Zhao et al. 2009 ).
The composting process is taking different ways and with very different operational schemes, subject to availability of suitable waste and separation efficiency. The large variation in composting operation schemes across the world, results in the lack of scientific studies in this field. Some inventory data for composting were found in literature. However most of the literature found focused in small-scaled home composting unit. A full life cycle inventory (LCI) had been performed on home composting by Colón et al. (2010) , but the GHG emission and leachate generation was not well assessed. Another study focusing only in GHG emissions from multi-family home compositing had been carried out (Amlinger et al. 2008 ). Besides, a mass balance study employed weekly additions of waste (2.6 to 3.5 kg per week) into the composting process which had been carried out targeting on single-family composting (Andersen et al. 2011) . All literature found focused on composting at rather small scale, fed with yard waste only, with slower degradation rate. Another study on the combination of the thermocomposting and vermicomposting of kitchen waste carried out. The test however, focused on the mass reduction, moisture management and pathogen reduction only (Nair et al. 2006) . The study showed that kitchen waste is best to be vermin-composted with cow dung, as shown by higher percentage of nutrient elements in the vermin-compost produced and the multiplication of earthworms at the end of vermin-composting process (Adi & Noor 2009 ).
On a larger scale, studies on environmental evaluation caused by changes of food waste management systems in Korea and Singapore were carried respectively (Khoo et al. 2010; Kim & Kim 2010; Lee et al. 2007) . According to the studies, the impacts on acidification, eutrophication and fresh water aquatic eco-toxicity were increased due to the high energy consumption and generated residue in recycling systems. Both studies however did not reveal the methods to quantify the emissions from the composting process. It is interesting to note that another study was carried out to quantify the airborne and waterborne emissions from in-vessel composting facility. The air emissions and water effluent were however taken after the treatment process (Cabaraban et al. 2008 ), which did not represent the generic environmental burdens caused by open composting of organic feedstock. Although composting was deemed the best food waste management option, it can perform worst environmentally due to high GHG emissions consequent to anaerobic methanogenesis (Lundie & Peters 2005) .
When exploring the relationship between environmental performance and organic waste management, the volume and physical composition of the waste matter must be taken into account. Due to differences in local environments and lifestyle, the quantity and composition of food waste often vary. This leads to differences in environmental burdens generated, particularly the GHG emissions, highlighting the need for local research (Chen & Lin 2008) . Moreover, there has until now been a lack of full LCIs for medium scale co-composting of food waste and yard waste at hot and moist weather throughout the year. Hence, this study could be deemed as the first attempt in quantifying the environmental burdens of co-composting of food waste and yard waste in tropical climate.
The main objective of the present study was to provide a comprehensive LCI of medium scale co-composting of food waste and yard waste at institutional level, based on substance flow analysis (SFA). A secondary objective was to present the composition and assess the quality of the final compost product from composting of typical Asian organic waste (food waste and yard waste). The experimental set-up was prepared with the intention of representing the real management of organic waste composting process in University of Malaya, Kuala Lumpur. METHODS LCI of food waste and yard waste composting process was constructed via a series of methods. The LCI was supported by the comprehensive field work studies which include energy and water consumption during the composting process as well as the process emissions in terms of gaseous and liquid. The data on energy and water consumption was collected during the composting process while the process emissions were estimated using Substance Flow Analysis (SFA) method. Experiment for composting runs was conducted in order to assess the selected substances content of the feedstock, leachate and finished compost. The gaseous and liquid emissions were then estimated. The summary of the methodology was illustrated in Figure 1 .
The experimental set-up represents a typical size of compost pile in the composting site of University of Malaya. In order to avoid external disturbance such as rain and pets, the compost pile is covered with a cylindrical chamber made from waterproof material (PVC) 3 m in diameter and 2.2 m high with a volume of 13 m 3 and installed on a water-proof concrete floor. Fresh air was introduced through a space between the floor and the lower edge of the chamber and an inverter-controlled blower sucked exhaust gas from the middle of the ceiling. The ventilation rate was fixed to 130 m 3 /h (Fukumoto et al. 2003) . Two composting runs were carried out with the intention to showcase the heterogeneity of organic waste (food waste and yard waste) and study the effect of windrow size on the performance of the process.
EXPERIMENTAL OUTLINE AND FEEDSTOCK
The experiments were designed to represent a batch situation in an institutional medium size composting scenario. The input material consisted of food waste mixed with grass clippings and dried leaves. Fresh food waste was collected from selected cafeterias in university campus and mixed with grass clippings and dried leaves to adjust the moisture content to approximately 65%. Immediately after the mixing, the mixture was piled up conically inside the chamber. Introduction of small amount of semi-matured compost into the composting pile helped initiate the decomposition of the organic matter in the pile. Each composting run was carried out for the duration of 60 days. Initial height of the pile and diameter of the base were about 0.7 and 1.4 m. The material was completely turned once in each run. At the end of the composting period, the mixture was weighed.
COLLECTION OF DATA
The emissions were primarily in gaseous form and leachate. Water, electricity and fuels were used indirectly with the composting process (cleaning, shredding and grinding). The input and output material were sampled and characterized in order to quantify the substance balance of the process. LCI covers all consumptions and emissions of environmental importance (ISO 1998) . In the present inventory study, only the direct emissions from the composting process have been included. The facility set-up, production of composting tools and transportation associated to this were not addressed. The provided LCI form the basis for doing environmental assessments of composting at institutional level in future. Sampling of the feedstock was performed before and after every run. Two samples (duplicates), each 1 kg (mass) of the input materials, were taken from composting pile (run). Grab sampling was adopted to be as representatively as possible. The output of the composting after 60 days was weighted and spread on a piece of clean plastic sheet. Sample was obtained from the compost by using quartering method. Finished compost was divided randomly into four sub-groups. Two random apposite sub-groups were mixed up together and further divided into four equal sub-groups. Two random apposite of the sub-groups were mixed again to form four sub-groups. The procedures were repeated until approximately 1 kg of the samples was obtained.
The collected samples were oven-dried for keeping the samples solid and brittle before ground into smaller particle by using stone grinder and mass reduction of the sample was performed by quartering method (as described above) to obtain 20 g laboratory samples. The samples were then divided into duplicates (10 g each) for analysis. The stone grinder was cleaned thoroughly between samples to avoid cross contamination. For determination of the flow of material and substances, weighted average of the parameters from the two samples (10 g) was used. Total solids (TS) content of the input and output material was measured by drying the samples at 105 o C for about 24 h (or until constant weight). Volatile Solids (VS) content was measured a mass loss after heating the sample at 550 o C for 1 h. Two replicates per sample were sent for elemental analysis with CHNS analyzer-2400 Series II (for C, N) and ICP-OES (for P, K, Cd, Cr, Cu, Ni and Pb) (PerkinElmer 2012). The analyzed data were used as input parameters in the SFA modelling.
LEACHATE SAMPLING
Leachate from the composting pile was considered a contributor to environmental impacts. The experiments were prepared with leachate collection to estimate the quantity and quality of the leachate. A plastic sheep was inserted on the inclined platform where the composting pile was placed to collect the leachate. The leachate was collected in a clean plastic container and weighted. Samples of collected leachate were sent for chemical composition analyses.
SUBSTANCE FLOW ANALYSIS
SFA was performed by means of the mass balance model STAN 2.5, which perform SFA according to the Austrian standard ONorm 2096 (Cencic & Rechberger 2008) . SFAs have been performed for C, N, K, P, Cd, Cr, Cu, Ni and Pb. The uncertainty of concentrations in the flows was inserted based on the standard deviation of the duplicate samples. Simulations were performed, to compute the gaseous emissions (unknown parameters) based on the known substances content in feedstock, leachate and finished compost. The gaseous emissions to the atmosphere during the composting process were estimated by STAN 2.5 for all selected substances. CO 2 emissions were assumed as 95%, CH 4 as 4% and CO as 1% of the lost C. NH 3 emissions were made up 0.004% of the total losses of N where N 2 O contributes 6.3% of the total loss of N.
RESULTS
FEEDSTOCK QUANTITIES AND COMPOSITION
The amount of waste added to each composting run was 210-393 kg (Figure 2 ). The composition of the input material is given in Table 1 . The moisture content was in the range of 72-74%ww (food waste) and 40-46%ww (yard waste) whereas, the organic content (VS) was 67-98% TS (food waste) and 72-80% TS (yard waste). The C content was 64-70%TS (food waste) and 41-46%TS (yard waste). The N content in yard waste (2-3%) is lower than that of food waste (5-7%). The mixture of food waste and yard waste in Run 1 and Run 2 gave C/N ratios of 14-16. The concentrations of heavy metals and nutrients of the input materials were in the range of values given in the literature for organic household waste (Riber et al. 2007 ).
CHEMICAL COMPOSITION AND QUALITY OF COMPOST
The composition of the compost from both composting runs is presented in Table 1 . The key parameters were moisture content, ash content, C content and N content. These parameters are all within the reported range for compost materials except moisture content, which exhibits lower value. The heavy metal contents in composts are in agreement with the range reported by literature (Andersen et al. 2011; Colón et al. 2010; Jasim & Smith 2003; Martínez-Blanco et al. 2010; Papadopoulos et al. 2009 ). The quality of the final compost was assessed visually and from some key parameters. In all cases, food waste is no longer visible in the compost. Finished compost had dark brown colour and urine smell, indicating leaching of ammonia. A common parameter that indicates that composting process was taking place is the C/N ratio. The decrease of C/N ratio (10-23%) and VS (17-33%) were recorded from both composting runs.
LEACHATE VOLUME AND QUALITY The total leachate generations over 60 days were 2.5 kg (run 1) and 5.0 kg (run 2). The leachate generation was divided by respective input waste to get a generation of 0.012 and 0.013 kg/kg ww for both runs, respectively (meaning a loss of 1.2-1.3% of the wet weight of the wet material through leachate). The composition of leachate for both runs is presented in Table 2 .
SUBSTANCE BALANCE
The mass balance of two experiment runs is shown in Figure 2 . During the composting period, 58-73% of the material (including water) was lost to the atmosphere. The C loss was 67-73% and 74-76% for Runs 1 and 2, respectively. The N loss to atmosphere recorded higher for Run 2 (72-78%) than Run 1 (44-59%). Portions of heavy metals and the nutrients (P and K) are all found to be emitted to the air. The concentrations of nutrients and heavy metals in the leachate were found to be very low. The contents of substance remains in the compost are shown in Table 1 .
LIFE CYCLE INVENTORIES
The full LCI is presented in Table 4 . As mentioned previously, the main contributors to the LCI are gaseous emissions and loss of leachate. In addition to the reported emissions, other gases (such as volatile organic compounds), could be produced and emitted during the composting process, but there were thought to be of minor importance.
DISCUSSION QUALITY OF COMPOST
The composition of the compost produced from both runs was in agreement with the compositions reported previously in the literature as shown in Table 1 . The moisture content seems to be very low (17-20%). This may due to the tropical climate where the ambient temperature is averagely high throughout the year. However, moisture content of below 50% is recommended to keep the handling, transportation and application feasible. The VS of the compost is higher as compared to the literature , which indicates that considerable content of organic matter in the compost output. A longer period of degradation time is needed to reduce the VS content of the compost. However, if the VS content (fraction) is to be multiplied to the total weight of the compost, it shows a reduction of VS of 17-21% (Run 1) and 28-33% (Run 2). VS content reduction is greater in composting pile with larger size (Run 2) with input materials of 193 kg food waste and 200 kg yard waste. This may due to the larger heat retention potential within the pile in order to provide an optimum environment to the aerobic microorganisms. The compost material had a brown colour where some branches are apparent, hence, longer degradation time is required to further degrade the slow-degrading yard waste. The decrease in C/N ratio also indicated that composting took place in both composting runs.
C AND N BALANCE
The loss of C via leachate was in all cases insignificant as shown in Table 3 . This means that 24-33% of C in the input material was left in the compost. The C balance was in all cases quite good and for all composting units; the loss of C to air was higher in Run 2. Figure 3 shows that C loss to air is greater from co-composting of food waste and yard waste in larger windrow size. This is in agreement with the greater reduction of VS content in larger composting pile, which indicates higher rate of degradation process. The total N loss during composting was 44-59% (Run 1) and 72-78% (Run 2). N loss in leachate was in all cases insignificant. It is important to note that NH 3 was mostly emitted when the temperature was above 40-50 o C, the reason being two-fold. Firstly, above 40 o C, nitrification of ammonium to NO 2 -is inhibited and secondly the dissociation constant (pKa) of NH 4 + decreases with increasing temperature, meaning that higher temperatures favour evaporation of NH 3 . This could explain the greater emission of N in general in Run 2 (greater windrow size). The majority of the N lost during composting is assumed to be emitted as N 2 , which is an environmentally unproblematic compound.
LEACHATE
The volume of leachate collected in Run 1 and Run 2 sampling periods (2.5-5L/composting cycle) were in the range reported elsewhere in the literature. The leachate quantity ranged from 2.1 to 3.2 L per composting cycle (5 weeks) was recorded in an experiment with daily inputs of 2.1-3.0 kg household waste/person/day (Papadopoulos et al. 2009 ) whereas another experiment showed a leachate generation of 43-300 mL/day in two differently managed home composting units. The relatively high generation of leachate might reflect the high moisture content in food waste. The leachate generation is equivalent to 11.77-12.72 L/Mg ww in the present study, is lower as compared to other similar study with daily inputs (Amlinger et al. 2008) . The composition of the leachate was within normal values for leachate from composting of organic waste.
METHODOLOGICAL CHOICES
There are three major activities in construction of an LCI namely: construction of the flow sheet; data collection and documentation and calculation of the environmental loads in terms of the functional unit. Of all these activities, data collection is the most time consuming and cost-intensive activity in a LCI construction. The data collection becomes more challenging when dealing with quantification of To minimize the time consumption of direct measurement, an alternative methods such as SFA can be employed in the future. Based on the experience of SFA in the present study, the emissions quantified are likely to be in agreement with that from previous studies. SFA will be able to integrate a wide portfolio of LCI and eventually LCIA projects from the waste management sector.
LIMITATIONS
The discrepancy between the input and output values had caused the negative value, as shown in Figure 5 . This might be related to the sampling technique. The input material was grab samples from very small quantities and small errors in the sampling could potentially lead to large uncertainties, especially in the heavy metal concentrations. They are most likely distributed more unevenly in the input waste. It is suggested that C and N compounds are more representative in grab method. Moreover, a very high variance in a range of parameters in the fraction of food waste was reported by Riber et al. (2007) . It was concluded that the food waste could not be considered homogeneous despite the shredding process, and hence it is quite difficult to get a representative samples of such heterogeneous material. Therefore, this grad method for food waste sampling resulted in limitations to the assessment in term of large uncertainties. However, the uncertainties of the representative samples can be reduced by increasing the number of samples. The sampling of the output was done according to the quartering method and is thus believed to better represent the final output material. Despite the possibility of loss of emissions of heavy metal to the air as calculated by STAN 2.5, it is however considered to be unproblematic, due to very low concentrations.
FUTURE STUDIES
The transfer coefficients of selected substances to air, compost and leachate of a co-composting process are shown in Table 3 . The full LCI can stand as a platform for environmental assessments of co-composting systems for food waste and yard waste in tropical environment. The results of the present study provides information about all significant inputs and outputs in the form of elementary flow to and from the environment from all the unit processes involved. The information is essential for Life Cycle Assessment (LCA) for co-composting of food waste and yard waste in tropical countries. The Inventory analysis is followed by impact assessment to evaluate the significance of potential environmental impacts based on the LCI flow results from the present study. A life cycle inventory was for the first time made for medium scaled co-composting of food waste and yard waste in tropical environment. An experimental set-up with two composting windrows for different size was performed for the duration of 60 days and contributions to environmental burdens were assessed. The composting windrows were fed with 212.4 and 393 kg, respectively. The loss of C during composting was recorded in the range of 0.146-0.166 kg/kg ww. The C losses via leachate were insignificant (0.02% of the total input C). The total N loss during the process was 0.005-0.012 kg/kg ww. Due to unavailability of gas measuring equipment with suitable detection limits, the emission of CO 2 , CH 4 , CO, NH 3 and N 2 O were not measured. However, the emissions of these gas compounds were estimated via SFA. The leachate generation was measured as 0.012-0.013 kg/kg ww. The flows of selected heavy metals were assessed. Heavy metals were of minor significance due to low concentrations in the inputs (food waste and yard waste). Heavy metals were found to be released to the atmosphere. However, majority of heavy metals remain in the finished compost. The C/N reduction during the process was in the range of 10-23%. In general, the compost composition was considered to be within the ranges previously reported in literature and thus ready for application as soil conditioner. The LCI presented in the present study can be used as a starting point for making environmental assessments of medium-scale co-composting of food waste and yard waste in tropical environment. No major environmental problems were identified from the process, except for the emissions of GHGs. The emissions of GHGs can be decreased by frequent mixing of the composting pile to avoid anaerobic condition within the pile.
